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Introduction
Transcription of the ribosomal RNA (rRNA) genes that encode the precursor of the 28S, 5.8S and 18S rRNAs is generally considered one of the most fundamental ratelimiting steps for the synthesis of ribosomes and therefore growth and proliferation [1] [2] [3] [4] [5] . Human diploid cells have 400-600 rDNA repeats [6, 7] but only a subset of
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4 these genes is transcribed at any given time [8] [9] [10] [11] [12] . Modulation of rRNA synthesis rates in response to growth factors, stress, and cell cycle cues appears to be controlled almost exclusively by changing the activity of a fixed number of "transcriptionally competent genes" rather than epigenetically silencing or reactivating rRNA genes [13, 14] . Pol I transcription initiation begins with the formation of the preinitiation complex (PIC) by the upstream binding factor (UBF) and the TBP-containing complex selectively factor (SL-1) at the rDNA promoter [15] [16] [17] [18] [19] . The resultant UBF/SL-1 complex facilitates recruitment of an initiation competent subpopulation of Pol I, defined by the presence of the basal regulatory factors PAF53/PAF49 and Rrn3
(also called TIF-1A), to form a functional PIC at the rDNA promoters [2, [20] [21] [22] [23] [24] [25] ].
Rrn3 appears to play an essential role in integrating extracellular cues with transcription initiation. Phosphorylation of Rrn3 by kinases linked to nutrient or energy availability, mitogen activation, stress and cell cycle cues modulate its transcriptional initiation activity. These observations led to the proposal that transcription initiation via modulation of Rrn3 activity is the major rate-limiting step for rRNA synthesis in mammalian cells [22, [26] [27] [28] [29] [30] [31] . This model is supported by a study that utilized live cell imaging combined with computational modeling to analyze the transcription complex dynamics of rDNA transcription regulation during the cell cycle. Using this approach it was demonstrated that activation of rDNA transcription in vivo occurs via modulation of the efficiency of PIC assembly i.e., through changes in transcription initiation [32] .
Emerging evidence however, suggests that the elongation step in Pol I transcription is important for the overall control of rRNA synthesis rate as well as ensuring efficient rRNA processing [33] [34] [35] [36] [37] . In contrast to the model of initiation regulation,
Stefanovsky et al., demonstrated that transcription elongation, regulated through
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5 cyclic phosphorylation of UBF, was the dominant event in growth factor regulation of the rRNA genes [37] . However, the question of whether transcription is modulated primarily at the level of initiation or elongation remains unclear.
As the various studies on the limiting steps for rRNA synthesis have been carried out with diverse cell types and regulatory conditions it is difficult to directly compare the data. In this study, using NIH3T3 fibroblasts as a model system, we have indirectly determined initiation and elongation rates using a combination of metabolic labelling of the 47/45S rRNA, quantitative chromatin immunoprecipitation (qChIP) analysis to measure loading of Pol I on the transcribed region of the 47S rRNA genes and overexpression of the transcription initiation factor Rrn3 to identify possible ratelimiting steps for rRNA synthesis under different physiological states.
Our data demonstrate that rDNA transcription rate can be modulated over a wide range in response to acute manipulation of serum levels without changing Pol I loading. Thus, serum stimulation modulates Pol I elongation. In contrast, chronic serum removal and arrest in G0/G1 was associated with decreased Pol I loading, thus impaired initiation. Overexpression of the initiation factor Rrn3 under serum starvation conditions led to restored Pol I loading across the 47S rRNA gene to levels similar to those observed in exponentially growing cells. This is consistent with the model that increased expression of Rrn3 was sufficient to overcome the block in transcription initiation observed during extended serum removal. However, Rrn3 overexpression did not induce rRNA synthesis in either serum starved, serum stimulated nor in G0/G1-arrested cells due to an apparent block in elongation. Thus our data suggest Pol I elongation to be limiting for efficient rDNA transcription in both acutely and chronically serum-deprived cells.
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These data therefore support a model whereby Pol I elongation controls the dynamic range of rRNA synthesis output in response to serum modulation.
Materials and Methods
Cell culture and cell lines
NIH3T3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS) at 37 o C. Inducible wild type Rrn3 was expressed in NIH3T3 cells using GeneSwitch system (Invitrogen). Cells were maintained as above in the presence of 50μg/mL hygromycin (Invitrogen) and 100μg/mL zeocin (Invitrogen). Rrn3 expression was induced by the addition of mifepristone (MFP, Sigma). Cells were made quiescent by serum deprivation in 0.5% bovine serum albumin (Sigma) supplemented DMEM and re-fed with DMEM containing 10% FBS.
Psoralen crosslinking
Psoralen crosslinking was performed as described in [11, 12] . Briefly, 5 x 10 6 cells were scraped in 10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , and 0.5% NP-40, nuclei were pelleted (1500 rpm, 4C 10 min) and resuspended in (50 mM Tris Beads were washed four times with C20/200 buffer and elution was performed with 25 L of 500μg/mL FLAG Peptide (Sigma).
Antibodies
The Pol I (RPA194, A43) antibodies were reported in [41] . The Rrn3 antibody was kindly provided by Prof. McStay (NUI Galway). We also used the following reagents Rrn3 (sc-11805, Santa Cruz), M2 FLAG (F-3165, Sigma), Actin (69-100-1, MP Biomedicals) and Tubulin (C-4585, Sigma). Horseradish peroxidase-conjugated secondary antibodies were obtained from BioRAD.
Statistical Analysis
One-way Analysis of Variance (ANOVA) statistical analyses was performed in conjunction with Dunnett's post-hoc test for multiple comparisons, using the GraphPad Prism statistical program (GraphPad Software).
Results
The average density of Pol I across the transcribed portion of the rRNA gene (rDNA)
is the net result of both the initiation and elongation rates. We have determined the in vivo relative contribution of rDNA transcription initiation, and elongation rates to
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A C C E P T E D M A N U S C R I P T Importantly, we show that serum withdrawal does not alter the relative proportion of silent and transcriptionally competent genes ( Fig 1B&C) consistent with previous studies reporting that growth factor stimulation does not alter the number of active rRNA genes [14] . Thus, rRNA synthesis is primarily modulated by regulation of transcription initiation and/or elongation rates upon serum withdrawal.
Acute serum withdrawal preferentially targets steps subsequent to rDNA transcription initiation.
We first examined the relationship between Pol I loading and rDNA transcription during conditions of acute serum withdrawal (Fig 2) and re-supplementation with serum (Fig 3) . Removal of serum (-S) from exponentially growing (Exp) NIH3T3 cells resulted in a ~75% reduction in pre-rRNA gene transcription rates within 3 hours (h) as measured by metabolic pulse labelling of rRNA (Fig 2A&B) . Inhibition of
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PI3K signalling (LY: LY294002), but not mTOR (Rapa: rapamycin), caused a similar repression of rRNA synthesis, which was maintained for 24h ( Fig 2A&B) . qChIP analysis was used to examine the effect of acute serum withdrawal on the levels of Pol I associated with the transcribed region of the 47S rRNA gene. Despite the 75% reduction in rDNA transcription at 3h after serum removal, Pol I loading was not altered at either the 5' externally transcribed spacer (ETS1) region or the 28S regions of the 47S rRNA gene (Fig 2C&D) . This suggests that at 3h both initiation and elongation were proportionally and concomitantly repressed by acute serum removal.
mTOR inhibition by rapamycin treatment caused small reductions (~25%) in rRNA synthesis by 30 min that was maintained up to 12h and restored to levels in Exp cells by 24h (Fig 2A&B) . In contrast, chemical inhibition of PI3K signalling led to a robust decrease in rRNA synthesis and Pol I loading at the 5'ETS and 28S regions of the 47S
rRNA genes in the same time frame suggesting that acute inhibition of PI3K preferentially represses Pol I transcription initiation. This further supports the essential role of the PI3K/AKT pathway in regulating Pol I transcription specifically at the transcription initiation step [39, 42] .
Re-addition of 10% serum to cells that had been serum starved for 3h reactivated rRNA gene transcription with rates returning to levels observed in exponentially growing cells by 3h ( Fig 3A&B) . Pol I occupancy at the 5'ETS and 28S regions was unaltered after 3h of serum withdrawal (-S) but increased at 3h and 6h post readdition of serum suggesting that upon re-feeding of acutely serum starved cells, initiation responds transiently faster or to a greater extent than elongation resulting in an apparent accumulation of Pol I on the rDNA (Fig 3C) .
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Changes in Pol I transcription initiation are associated with chronic downregulation of rDNA transcription and cell cycle arrest.
We extended the above studies to examine the relative contribution of initiation and elongation to inhibition of Pol I transcription mediated by sustained serum starvation (24-36h of serum withdrawal) ( Fig 4A) . While serum removal for 24h decreased rRNA synthesis rates (Fig 2A and Fig 4A&B) , the level of repression was only ~20% more than that observed in response to acute removal of serum for 3h ( Fig 2B) . As stated above, acute serum withdrawal reduced rRNA synthesis with no change in Pol I loading ( Fig 2C) . However, chronic serum withdrawal was associated with a significant reduction in Pol I loading across the rDNA ( Fig 2D and Fig 4C) .
We also determined the temporal activation of rDNA transcription and Pol loading after serum re-feeding of chronically serum starved NIH3T3 cells. In this case serum re-feeding had no effect on rRNA synthesis after 30min or 1h, as measured by metabolic labelling ( Fig 4D) . Induction of rRNA synthesis however, was observed 3h after serum addition. Moreover the observed serum-induced increases in rRNA synthesis required the PI3K and AKT signalling pathways, as evident by the ability of specific inhibitors to prevent the induction of rRNA synthesis ( Fig 4D) . The activation of rRNA synthesis with serum addition also correlated with elevated Pol I loading at the 5'ETS and 28S amplicons (Fig 4C&E) , first observed at 3h and increased steadily thereafter. Notably, the recovery in Pol I loading was slower than that observed in acutely serum-starved cells following re-supplementation of serum ( Fig 3C) . These data suggest that initiation rates are limiting upon serum re-feeding of chronically serum starved (24h) cells and thus dictate the recovery rate of rDNA transcription.
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Serum starvation of NIH3T3 cells for 24h leads to cell cycle arrest with ~90% of cells in the G0/G1 phase of the cell cycle (data not shown). Thus, the down-regulation of Pol I transcription initiation associated with chronic serum withdrawal could be a consequence of cellular signalling events associated with the G0/G1 cell cycle arrest.
Alternatively, cellular stress imposed by serum removal can lead to inactivation of key Pol I initiation components resulting in reduced transcription initiation. To address these possibilities, we examined rRNA synthesis and Pol I loading at the rDNA as cells enter the G0/G1 phase independent of any growth factor manipulation.
Cells were synchronised in G2/M (Fig 5A, top panel) using nocodazole then released into G0/G1 by nocodazole washout. Moderate increases in 47S rRNA levels were detected 1h after release from the cell cycle block but these were not maximal until 24h post release (Fig 5A, bottom panel) by which time the cells were exponentially growing. Interestingly, Pol I loading at the 5'ETS and 28S regions was detected in G2/M cells in the absence of active transcription. After 1h following release from mitotic arrest, we observed a reduction in Pol I loading suggesting that it is either released from the rDNA or elongates in the absence of further initiation leading to an apparent decrease in loading (Fig 5B) . However, after 2h of release Pol I loading at the rRNA genes was similar to that observed in the G2/M cells (0h) and remained unaltered at 12h but increased further after 24h ( Fig 5B) correlating with the slow recovery of rRNA synthesis (Fig 5A) . This data suggests that Pol I loading and transcription initiation are both limiting as the cells enter G0/G1. Thus, the defects observed in Pol I transcription initiation following extended serum starvation are likely to be caused by mechanisms associated with cell cycle arrest in G0/G1.
We also examined a second mechanism of cell cycle arrest-mediated repression of rDNA transcription; induced by increased cell confluency. We have previously shown ACCEPTED MANUSCRIPT
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14 that contact inhibition of fibroblasts is characterised by arrest in G0/G1 and a robust downregulation of Pol I transcription [43] . At Day 3 (D3) of confluence G0/G1-arrested NIH3T3 cells, decreased rDNA transcription was detected in the absence of changes in Pol I loading at the 5'ETS and 28S regions, suggesting reduced initiation and elongation rates (Fig 5C&D) . By D5, impaired initiation led to reduced Pol I loading and substantial decrease in rRNA synthesis (Fig 5C&D) .
Overexpression of Rrn3 and increased Pol I transcription initiation is not sufficient to drive 47S rRNA synthesis.
To further explore whether transcription initiation was rate limiting under chronic serum starvation conditions and cell cycle arrest, we examined the effect of artificially increasing initiation rates by overexpression of the Pol I transcription initiation factor Rrn3. Rrn3 has been proposed as a major regulatory factor that links growth factors, nutrients and stress factor signalling to rDNA transcription rates through the formation of a transcriptionally competent Pol I complex [26] [27] [28] [29] [30] [44] [45] [46] [47] . More specifically, serine residues 44, 633 and 649 on Rrn3 were shown to be phosphorylated by mTOR, ERK and RSK signalling pathways, respectively [28, 29] .
Serine 44, 633 and 649 substitutions with alanine led to reduced Rrn3 activity and impaired Pol I transcription [28, 29] . While, double serine to aspartic acid mutations of the 633 and 649 sites mimicked phosphorylation and enhanced 47S rRNA synthesis [29] .
On the other hand, in yeast cells TOR inactivation resulted in proteasomedependent degradation of Rrn3p and a strong reduction in Pol I transcription initiation [48] . Indeed, we found that serum withdrawal led to significant reduction in Rrn3 protein abundance within 30min (Fig 6A) . In fact, at 12h and 24h of serum ACCEPTED MANUSCRIPT
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withdrawal Rrn3 levels were reduced by approximately 75% compared to levels in exponentially growing cells. This suggests that the decrease in Rrn3 protein levels is, at least part of the mechanism for chronic serum starvation-mediated reduction in Pol I transcription initiation and rRNA synthesis (Fig 2 and Fig 4A-C) . We therefore established NIH3T3 cells stably expressing inducible FLAG-tagged wild-type Rrn3 (Fig 6B) , and potential gain-of-function and dominant negative phosphorylation mutants of Rrn3 (Supplementary Fig 1A) under the control of mifepristone (MFP).
Western analysis demonstrated a dose dependent induction of expression for the FLAG tagged Rrn3 constructs with an increasing concentration of MFP ( Fig 6B and Supplementary Fig 1A) . We performed co-immunoprecipitation experiments and validated the incorporation of FLAG-Rrn3 into the Pol I complex (Fig 6C) .
Intriguingly, the potential gain-of-function Rrn3 mutants (S44D, 3D: serine 44, 633
and 649 mutated to aspartic acid) and the dominant negative Rrn3 mutant 3A (serines 44, 633 and 649 mutated to alanine) also associated with both Pol I subunits RPA194 and A43 (data not shown). Moreover, wild-type Rrn3, the 3A and 3D mutants reconstituted Pol I transcription in vitro (Supplementary Fig 1B) .
Furthermore, we confirmed the in vivo functionality of the overexpressed Rrn3
proteins by determining their activity following cycloheximide (CHX) treatment.
Previous studies reported that nuclear extracts from cells acutely treated with CHX were unable to support accurate transcription from the rDNA promoter by Pol I [45] .
Moreover, transcription was restored by the addition of Rrn3 purified from untreated mammalian or insect cells. Thus CHX specifically targets Pol I initiation through inactivation of Rrn3, via disrupting Rrn3 phosphorylation and inhibiting its ability to associate with Pol I [45] .
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CHX treatment of NIH3T3 cells for 3h reduced rDNA transcription rates, which correlated with decreased Pol loading across the transcribed region of the rRNA genes ( Supplementary Fig 1C and Supplementary Fig 2A&B) . Both the repression of rDNA transcription and loading of Pol I across the rDNA repeat in response to CHX was rescued by over expression of FLAG-Rrn3 (Supplementary Fig 2A&B) . Consistent with this, FLAG-immunoprecipitations confirmed the incorporation of FLAG-Rrn3 into the Pol I complex in the presence of CHX (Supplementary Fig 2C) . Surprisingly, all the Rrn3 mutants examined also rescued Pol I transcription initiation in vivo in the presence of CHX (Supplementary Fig 1C) . These results suggest that overexpression of Rrn3, not its phosphorylation at serine 44, 633 and 649, is sufficient to rescue CHX-mediated repression of rDNA transcription. Indeed, we found that CHX treatment mediated proteasome degradation of Rrn3, independent of changes in mRNA expression levels ( Supplementary Fig 2 D&E) . We also observed that overexpressing FLAG-Rrn3 rescued Rrn3 protein levels following CHX treatment ( Supplementary Fig 2F) .
Further, qChIP assays using anti-FLAG antibodies demonstrated that over expressed FLAG-Rrn3 was significantly enriched at the ETS1 amplicon in exponentially growing cells (Fig 6D) . While anti-Rrn3 antibodies detected increased enrichment of Rrn3 loading under serum starved condition at ETS1 and ETS2 amplicons within the 5'ETS region in FLAG-Rrn3 expressing cells compared to empty-vector (pGene) cells (Fig 6D) . However, the levels of Rrn3 loading on the rDNA were similar in both exponentially growing pGene and FLAG-Rrn3 expressing cells. This suggests that in exponentially growing cells the enrichment of Rrn3 at the rDNA is tightly control and cannot be enhanced by overexpressing Rrn3 alone.
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We also examined the effect of overexpressed Rrn3 on initiation rates and rRNA gene transcription in NIH3T3 cells serum starved for 24h. Exogenous FLAG-Rrn3 mediated a significant 4-fold increase in 5'ETS rRNA transcripts (~ 600-1000 nucleotides) as measured by ribonuclease protection assays, similar to that observed in pGene control cells stimulated with serum for 12h (Fig 7A) . In addition FLAGRrn3 mediated increased enrichment in Pol I loading across the rDNA under serum starved condition (Fig 7B) . However overexpression of Rrn3 failed to increase fulllength 47S rRNA synthesis rates as measured by metabolic labelling (Fig 7C) . Thus elongation and/or events coupled to elongation, such as processing, remain limiting.
Therefore, the data demonstrates that although Pol I loading can be artificially increased in serum starved cells, post-initiation steps remain rate limiting for rDNA transcription. Furthermore, consistent with the observation that Pol I loading across the rDNA was not increased in exponentially growing Rrn3 overexpressing cells compared to pGene cells (Fig 7B) , neither was rRNA synthesis ( Supplementary Fig   3) .
Finally we examined whether overexpressing Rrn3 would prevent the downregulation of rDNA transcription in NIH3T3 arrested in G0/G1 mediated by cell confluence ( Fig   7D) . Our data demonstrate that overexpressing Rrn3 does not rescue the repression of rRNA synthesis in confluent G0/G1-cells in the presence of 10% serum. Thus, in addition to initiation becoming limiting in confluence-arrested cells (Fig 5C and Fig   7D) , elongation and/or steps coupled to elongation such as processing are also limiting for rDNA transcription under these conditions.
Discussion
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Coordinated regulation of multiple steps including rDNA transcription initiation and elongation is required for efficient synthesis of the rRNAs [34, 42, 49] . By using qChIP analysis to evaluate Pol I loading onto the rDNA in combination with pulse metabolic labelling to measure newly synthesized 47S pre-rRNA, we demonstrated that acute serum withdrawal from exponentially growing cells inhibited 47S prerRNA synthesis without changing Pol I loading onto the rDNA. This suggests that growth factor signalling is required for transcription elongation and possibly cotranscriptional processing of rRNA, which is known to be coupled to elongation in yeast [36, 50] . Consistent with this finding, enhanced transcription initiation mediated by Rrn3 overexpression was not sufficient to promote full length 47S pre-rRNA synthesis under serum starvation conditions, despite elevated Pol I loading at the rDNA. These findings clearly demonstrate the essential role of post-initiation steps in the regulation of rRNA synthesis by growth factors. Certainly, work in yeast revealed a complex interplay between rRNA production, assembly, cleavage, and folding that occurs during elongation [36, 51] . Uncovering how elongation is regulated and how it is coupled to rRNA assembly will lead to major advances towards understanding the mechanisms of rRNA production [49] .
In contrast, chronic serum starvation led to a reduction in Pol I loading and thus transcription initiation. Indeed, we observed a slower recovery in the restoration of Pol I loading at the rDNA to levels observed in exponentially growing cells following serum re-feeding compared to that observed in acutely serum-starved cells following re-supplementation of serum, where elevated Pol I loading indicating faster initiation rate was detected (Fig 3C & Fig 4E) . Thus, under condition of chronic serum starvation, initiation rates dictate the recovery rate of rRNA synthesis. Moreover, serum-induced increases in rRNA synthesis required the PI3K and AKT signalling ACCEPTED MANUSCRIPT
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pathways, further supporting an essential role for PI3K/AKT signalling in mediating Pol I transcription initiation [39] . This may be due in part to the stabilization/ activation of key transcription factors involved in Pol I initiation including Rrn3.
Indeed, our data demonstrate that serum stimulation prevents Rrn3 protein degradation providing a mechanism for growth factor mediated modulation for Pol I transcription initiation. G0/G1 confluence-induced cell cycle arrest was also associated with a reduction in transcription initiation and elongation. However, overexpression of Rrn3 in confluence G0/G1-arrested cells was unable to restore rRNA synthesis. Taken together, our data support a model whereby initiation acts as a binary on/off switch for rDNA transcription in response to chronic serum starvation conditions or cell cycle regulation; whereas steps subsequent to initiation, such as elongation, controls the dynamic range of rRNA synthesis output in response to acute growth factor modulation.
Surprisingly, our data demonstrated that wild-type Rrn3 and Rrn3 mutants reconstituted Pol I transcription in vitro and rescued rRNA synthesis in vivo in the presence of CHX ( Supplementary Fig 1 & Supplementary Fig 2A) . This was unexpected since CHX was suggested to target the phosphorylation of Rrn3 [45] .
Thus, it is likely that the phosphorylation of the residues used in this study are not targeted for inhibition by CHX and/ or the robust overexpression of Rrn3 can overcome the requirement for phosphorylation-mediated regulation of 47S rRNA synthesis. The latter scenario is plausible since overexpression of wild-type Rrn3 was sufficient to increase rRNA synthesis under certain conditions in yeast and Drosophila [48, 52] . In our study, however overexpression of Rrn3 enhanced Pol I transcription initiation, but it was unable to promote full-length rRNA production most likely because elongation or processes coupled to elongation such as processing become
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limiting. These findings are in marked contrast to a previous study, demonstrating the gain-of-function phosphorylation mutants of Rrn3 to enhance 47S rRNA synthesis and proliferation rates in HEK293T cells [29] . One possible explanation for the discrepancy is that the SV40 large T antigen oncogenic elements expressed in HEK293T can help drive Pol I transcription elongation and other steps required for efficient rRNA synthesis. On the other hand, we have recently shown that acute amino acid removal rapidly inhibited 47S pre-rRNA synthesis and processing without changing Pol I loading onto the rDNA in HeLa cervical cancer cells [42] . We further demonstrated that in the absence of amino acids, growth factors were unable to promote full-length 47S pre-rRNA synthesis despite elevated Pol I loading at the rDNA promoter and enhanced Rrn3-Pol I interaction [42] . These findings further support a model whereby Pol I initiation and elongation are upregulated concomitantly to prevent one or the other process from becoming limiting. Clearly, more work is required to identify mechanisms underlying Pol I transcription regulation and how these may be hijacked in order to promoter rRNA synthesis during cancer progression.
In contrast, our data supports the concept that under certain physiological situations, down regulation of rRNA production can be uncoupled from efficient Pol I initiation complex formation. This is an important observation in light of Pol I transcription now being considered a promising target for cancer therapy. Indeed, the Pol I transcription inhibitor CX-5461 has progressed into phase I clinical trials [9, [53] [54] [55] [56] .
Thus, the identification of distinct mechanisms that control rDNA transcription provides the possibility of improving the potency of targeting Pol I transcription.
While CX-5461 inhibits SL-1 interaction with Pol I and prevents Pol I recruitment to the rDNA promoter [56, 57] , it is also possible to inhibit Pol I transcription initiation
by targeting the Rrn3/Pol I interaction [58] . Furthermore, we have recently demonstrated that acute treatment with CX-5461 (1 hour) induces chromatin defects at the rDNA associated with depletion of Pol I binding across the transcribed region, leading to activation of DNA damage signalling in the absence of global DNA damage [57] . Importantly, we reported improved therapeutic efficacy against lymphoma in vivo by combining CX-5461 with inhibitors of DNA damage signalling [57] . It is therefore likely that targeting Pol I transcription at multiple levels simultaneously (e.g., initiation / elongation and or rRNA processing) may further improve the efficacy of therapies targeting rDNA transcription. Indeed, we have reported that combining CX-5461 with the mTORC1 inhibitor everolimus led to enhanced therapeutic efficacy against lymphoma due to inhibition of ribosome biogenesis at multiple levels simultaneously [59] . Together these studies support the 
Conclusions
Our data support an important role for post-initiation processes, such as elongation or processing, in modulating the dynamic range of rRNA synthesis rate in response to acute growth factor modulation. Considering the current interest in targeting Pol I transcription in cancer treatment, the field can look forward to the identification of novel modulators of Pol I elongation that may serve as new targets for cancer therapy. 
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Nuclei were extracted and irradiated in the presence of ethanol (EtOH cntrl) or psoralen. Genomic DNA was isolated and analyzed by Southern blotting for rRNA genes as described in [11] . 
